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Maternal diabetes is known to adversely influence
brain development in offspring. Here, we provide ev-
idence that this involves the circulating metabolite
methylglyoxal, which is increased in diabetes, and
its detoxifying enzyme, glyoxalase 1 (Glo1), which
when mutated is associated with neurodevelopmen-
tal disorders. Specifically, when Glo1 levels were
decreased in embryonic mouse cortical neural pre-
cursor cells (NPCs), this led to premature neuro-
genesis and NPC depletion embryonically and long-
term alterations in cortical neurons postnatally.
Increased circulating maternal methylglyoxal caused
similar changes in embryonic cortical precursors
and neurons and long-lasting changes in cortical
neurons and NPCs in adult offspring. Depletion of
embryonic and adult NPCs was also observed in
murine offspring exposed to a maternal diabetic
environment. Thus, the Glo1-methylglyoxal pathway
integrates maternal and NPC metabolism to re-
gulate neural development, and perturbations in
this pathway lead to long-lasting alterations in adult
neurons and NPC pools.
INTRODUCTION
Recent work indicates that environmental factors determine
both the establishment and maintenance of adult tissue stem
cell pools. As one example, adult murine neural precursor cell
(NPC) numbers decrease with aging, but this decrease can be
partially rescued by factors found in the circulation of young
mice (Villeda et al., 2011). As a second example, transient em-
bryonic exposure to a surge of circulating maternal interleukin
6 (IL-6) enhances self-renewal of developing forebrain NPCs1022 Cell Reports 17, 1022–1036, October 18, 2016 ª 2016 The Auth
This is an open access article under the CC BY-NC-ND license (http://ultimately resulting in increased adult NPCs in adult offspring
(Gallagher et al., 2013). Thus, systemic factors, including those
in the maternal environment, play a role in determining tissue
stem cell pools.
What systemic compounds regulate stem cell biology? Most
studies have focused on growth factors and cytokines, but the
circulation also communicates metabolic status throughout the
organism, and we now know that the metabolic state regulates
stem cell biology (Mihaylova et al., 2014). We therefore asked if
thematernal metabolic statemight regulate NPC pools, focusing
on gestational diabetes, which in human offspring has been
associated with neurodevelopmental disorders such as autism
(Krakowiak et al., 2012; Xiang et al., 2015; Li et al., 2016). In
gestational diabetes, hyperglycemia induces an overproduction
of methylglyoxal, a circulating toxic intermediate metabolite that
enters the fetal circulation and crosses cell membranes (Mericq
et al., 2010; Rabbani and Thornalley, 2015). Intracellular methyl-
glyoxal is metabolized by glyoxalase 1 (Glo1), the rate-limiting
enzyme in the glyoxalase pathway (Rabbani and Thornalley,
2015). Intriguingly, genetic studies have identified Glo1 polymor-
phisms that alter enzyme activity, and these are associated with
autism spectrum disorder (ASD) and schizophrenia (Junaid et al.,
2004; Gabriele et al., 2014; Arai et al., 2010; Barua et al., 2011).
Thus, a Glo1-methylglyoxal pathway might provide one way that
normal and perturbed maternal metabolism could influence
developing NPCs.
To test this idea, we studied embryonicmurine cortical precur-
sors, some of which persist to become adult forebrain NPCs
(Merkle et al., 2004; Gallagher et al., 2013). We show that Glo1
is necessary to maintain the undifferentiated NPC state and
that when Glo1 levels were decreased or circulating maternal
methylglyoxal was increased, this caused premature neurogen-
esis and depletion of embryonic NPCs. Moreover, embryonic
exposure to increased maternal methylglyoxal caused long-last-
ing decreases in adult NPC numbers and neurogenesis, cortical
neuron perturbations, and aberrant behaviors. Finally, we show
that similar perturbations in embryonic and adult NPCs occuror(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. Glo1 Is Essential for Maintaining Cortical Radial Precursors
(A) RT-PCR for glo1 mRNA in cortices from E10 to P4. gapdh mRNA served as an internal control.
(B) Single-molecule FISH for glo1 mRNA (shown as black on white) in coronal sections of E12 (left) and E15 (right) cortex. LV, lateral ventricle.
(C) E12/E13 cortical precursors cultured 3 days and immunostained for Glo1 (red) and Sox2 (green). Hatched lines are cell boundaries.
(D) Western blots of HEK293 cells cotransfected with plasmids encoding FLAG-tagged mouse Glo1, with or without one of two Glo1 shRNAs (shGlo1-1 and
shGlo1-2) or a control shRNA (shCon), probed with anti-FLAG and reprobedwith anti-Erk1/2. Untransfected (Untrans.) cells served as a control. Molecular weight
markers are indicated to the right.
(E and F) Cultured E12/E13 precursors were cotransfected with EGFP and control shRNA (Con) or Glo1 shRNA-1 (shGlo1) and immunostained for Glo1 (red) and
EGFP (green) after 2 days (E), and the relative proportion of EGFP-positive cells expressing detectable Glo1 was determined (F). Arrows and arrowheads denote
EGFP-positive and negative cells, respectively. Each scatterplot point represents the mean signal in an individual experiment. **p < 0.01.
(G and H) E13/E14 cortices were coelectroporated with nuclear EGFP and control (Con) or Glo1-1 (shGlo1) shRNAs. In (G), sections were immunostained
for EGFP and analyzed by FISH for glo1 mRNA 3 days later (see Figure S1A) and the number of glo1 mRNA foci per individual EGFP-positive cell determined.
(legend continued on next page)
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in a gestational diabetes model. Thus, the maternal metabolic
state regulates NPC development via the Glo1-methylglyoxal
pathway, suggesting that Glo1 polymorphisms and/or gesta-
tional diabetes might predispose humans to cognitive dysfunc-
tion by perturbing this pathway in developing NPCs.
RESULTS
Glo1 Is Essential forMaintaining NPCs in the Developing
Cortex
We first analyzed Glo1 expression in the embryonic murine cor-
tex. RT-PCR showed that glo1 mRNA was expressed from
embryonic day 10 (E10), when the cortex largely consists of
proliferating precursors, until postnatal day 4 (P4) (Figure 1A).
Single-molecule fluorescent in situ hybridization (FISH) (Fig-
ure 1B) showed that at E12, glo1 mRNA was expressed
throughout the cortex, while at E15, it was enriched in the ven-
tricular and subventricular precursor zones (VZ/SVZ), with lower
levels in the intermediate zone (IZ) and the cortical plate (CP), re-
gions containing newborn neurons. Immunostaining of cultured
E12.5 cortical precursors also revealed detectable Glo1 in
Sox2-positive cells (Figure 1C).
To ask about Glo1 function in cortical precursors, we utilized a
Glo1 small hairpin RNA (shRNA) (shGlo1-1) that decreased
FLAG-tagged murine Glo1 when cotransfected into HEK293
cells (Figure 1D). Three approaches showed that this shRNA
was efficacious in cortical precursors. First, immunostaining of
cultured precursors cotransfected with an EGFP plasmid and
control or Glo1 shRNAs showed that Glo1 knockdown markedly
reduced the proportion of transfected cells expressing detect-
able Glo1 (Figures 1E and 1F). Second, we used in utero electro-
poration at E13/E14 to transfect cortical radial precursors that
line the lateral ventricles with cytoplasmic EGFP and control or
Glo1 shRNAs. Immunostaining for EGFP combined with FISH
for glo1 mRNA showed that Glo1 knockdown significantly
decreased glo1 mRNA foci per EGFP-positive cell (Figure 1G;
Figure S1A). Third, we used fluorescence-activated cell sorting
(FACS) and qRT-PCR to show that glo1 mRNA was decreased
in E15/E16 cortical cells that were electroporated with EGFP
and Glo1 shRNA at E13/E14 (Figure 1H).
We then used this shRNA to ask if Glo1 knockdown altered
cortical development. E13/E14 cortices were electroporated
with nuclear EGFP and control or Glo1 shRNAs and immuno-
stained 3 days later for EGFP and cell-type-specific markers
(Figure 1I; Figures S1B and S1C). This analysis showed that there
was a decreased total number of EGFP-positive cells following
Glo1 knockdown (Figures 1I and 1J) and that their distribution
was altered, with significant decreases in the total numbers of
EGFP-positive cells in the VZ/SVZ and CP, when expressed**p < 0.01; n = 25 EGFP-positive cells each. In (H), EGFP-positive cells were isolate
with values normalized to gapdh mRNA. The graph shows two experiments (exp
(I–P) E13/E14 cortices were coelectroporated as in (G) and (H) and coronal cor
sections. (J–L) Scatterplots showing (J) the number of EGFP-positive cells in a co
cells in the different cortical regions (see Figures S1B and S1C). *p < 0.05, **p < 0
Pax6 (red, left) or Ki67 (red, right). Arrows denote double-labeled cells. (N–P) Qua
Ki67 (O) and for the ratio of EGFP-positive, Pax6-positive cells also positive for Ki6
scatterplot point represents mean cell numbers from three sections of an individ
Sections in (B), (C), (E), and (I) were counterstained with Hoechst 33258 (blue). S
1024 Cell Reports 17, 1022–1036, October 18, 2016either as total cells or as a proportion of the total number of
EGFP-positive cells (Figures 1I, 1K, and 1L). There were also
fewer EGFP-positive cells expressing the radial precursor
marker Pax6 or the proliferation marker Ki67 (Figures 1M–1O),
although the proliferation index (the proportion of Pax6-positive
cells that also expressed Ki67) was unaltered (Figure 1P). Immu-
nostaining for the apoptosis marker cleaved caspase-3 showed
that these changes were not due to enhanced cell death
(Figure S1D).
One explanation for the observed depletion of radial precur-
sors was that Glo1 knockdown caused premature differentiation
of precursors into neurons. We tested this idea, immunostaining
similar electroporated sections for Tbr2, a marker for neurogenic
intermediate progenitors, for the neuronal marker bIII-tubulin, or
for Satb2, a transcription factor expressed in almost all neurons
born over the time frame of our electroporations (Tsui et al., 2013)
(Figure 2A; Figure S2A). Glo1 knockdown significantly increased
both intermediate progenitors (Figure 2B) and newborn neurons
(Figure 2C). Intriguingly, almost all EGFP-positive, Satb2-posi-
tive neurons were aberrantly located in the IZ (Figure 2D), ex-
plaining the decrease in EGFP-positive cells in the CP (Figures
1I, 1K, and 1L). Thus, Glo1 knockdown caused premature neuro-
genesis, and these new neurons were mislocalized.
Glo1 Is Sufficient to Promote Radial Precursor
Maintenance
To ensure the specificity of the knockdown phenotypes, we per-
formed two sets of experiments. First, we electroporated E13/
E14 cortices with a second Glo1 shRNA (shGlo1-2 in Figure 1D).
Analysis 3 days later showed that shGlo1-2 depleted EGFP-pos-
itive, Pax6-positive radial precursors and increased Tbr2-posi-
tive intermediate progenitors and Satb2-positive neurons (Fig-
ures 2E and 2F). Second, we performed rescue experiments,
electroporating E13/E14 cortices with Glo1 shRNA with or
without an expression vector for Glo1 engineered so that it
was resistant to the shRNA (Figure S2B). For comparison, we
electroporated the Glo1 expression vector alone. Analysis
3 days later showed that ectopic Glo1 expression rescued the
decrease in glo1mRNA caused by the Glo1 shRNA (Figure S2C).
It also rescued the Glo1 shRNA-mediated decrease in EGFP-
positive cells in the VZ/SVZ (Figures 2G–2I) and the depletion
of EGFP-positive, Pax6-positive radial precursor cells (Figures
2J and 2K).
These experiments validated the specificity of the Glo1 knock-
downs. However, they also showed that Glo1 overexpression
alone increased EGFP-positive cells in the VZ/SVZ and EGFP-
positive, Pax6-positive radial precursors (Figures 2G–2K). We
therefore asked if increased Glo1 levels also affected neurogen-
esis. Immunostaining 3 days following electroporation with ad by FACS 2 days post-electroporation and analyzed by qPCR for glo1mRNA,
1 and exp2), each involving five or six embryos per group.
tical sections analyzed 3 days later. (I) Representative EGFP-immunostained
lumn spanning the cortex or (K) the number or (L) proportion of EGFP-positive
.01, n = 5 embryos each. (M) The VZ/SVZ immunostained for EGFP (green) and
ntification of sections as in (M) for EGFP-positive cells expressing Pax6 (N) or
7 (P). **p < 0.01, ns = p > 0.05; n = 5 embryos each. For (J)–(L) and (N) – (P), each
ual embryo.
cale bars, 10 mm. Error bars denote SEM. See also Figure S1.
Figure 2. Glo1 Promotes Maintenance of Radial Precursors
(A–F) E13/E14 cortices were analyzed 3 days following electroporation with nuclear EGFP and control shRNA (Con), Glo1-1 shRNA (shGlo1) (A–D), or Glo1-2
shRNA (shGlo1-2) (E and F). (A) The VZ/SVZ (left) and IZ (right) immunostained for EGFP (green) and Tbr2 (red, left) or Satb2 (red, right). Ventricles are outlined, and
arrows denote double-labeled cells. (B–F) Quantification of images as in (A) for EGFP-positive cells expressing cell-type-specificmarkers (B, C, E, and F) or for the
distribution of EGFP-positive, Satb2-positive cells (D). *p < 0.05; **p < 0.01; n = 3–5 embryos.
(G–K) E13/E14 cortices were analyzed 3 days following electroporation with cytoplasmic EGFP and control (Con) or Glo1-1 (shGlo1) shRNA plus orminus shRNA-
resistant murineGlo1 (mGlo1). (G–I) Sections were immunostained for EGFP (green, G), and the total number (H) or relative proportion (I) of EGFP-positive VZ/SVZ
cells was determined. **p < 0.01, ns = p > 0.05. n = 4–5 embryos. (J and K) The VZ/SVZ was immunostained for EGFP (green, J) and Pax6 (red, J), and the
(legend continued on next page)
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murine Glo1 expression plasmid and EGFP showed that Tbr2-
positive intermediate progenitors and Satb2-positive newborn
neurons were both decreased by Glo1 overexpression (Figures
2L–2N). Thus, Glo1 overexpression decreases neurogenesis
and enhances radial precursor maintenance.
Decreased Glo1 in Cortical Precursors Causes
Postnatal Perturbations in Cortical Neurons
To ask if these embryonic perturbations had long-term conse-
quences, we electroporated cortices at E13/14 and analyzed
them at P3/P4 (Figure S3A). Immunostaining for EGFP revealed
that Glo1 knockdown causedmislocalization of postnatal EGFP-
positive cells (Figures 3A and 3B). In controls, most EGFP-posi-
tive cells were in layers II–IV, while with Glo1 knockdown, most
were located in layers V/VI (Figures 3A and 3B). Immunostaining
for the neuronal marker NeuN (Figure S3B) showed that almost
all of these EGFP-positive cells were neurons (control, 88.9%
± 0.4%; shGlo1, 88.5% ± 1.8%).
We characterized the phenotype of these mislocalized neu-
rons by immunostaining for Cux1 and Ctip2, whichmark neurons
in layers II–IV and layer V, respectively (Figures 3A–3D). In con-
trols, almost 90% of EGFP-positive cells were Satb2 positive,
and only 2% were Ctip2 positive. Glo1 knockdown caused a
modest but significant decrease in Satb2-positive neurons and
a coincident increase in Ctip2-positive neurons. However, while
the Ctip2-positive cells were appropriately located in layer V,
following Glo1 knockdown, the majority of the EGFP-positive,
Satb2-positive cells were aberrantly located in layers V/VI rather
than in layers II–IV (Figures 3C and 3E). Thus, embryonic Glo1
knockdown altered the location and, to some extent, phenotype
of postnatal cortical neurons.
Increased Circulating Maternal Methylglyoxal
Deregulates Embryonic Neural Precursors
Glo1 is the rate-limiting enzyme responsible for detoxifying
methylglyoxal (Figure 3F). Since in gestational diabetes methyl-
glyoxal is increased in both the maternal and fetal circulations
(Ankrah and Appiah-Opong, 1999; Mericq et al., 2010), we asked
whether circulating maternal methylglyoxal might deregulate
embryonic NPCs. We injected pregnant mothers intraperitone-
ally twice daily with methylglyoxal commencing at gestational
day 12 (G12)/G13 and injected them once with bromodeoxyuri-
dine (BrdU) at G13/G14 to label proliferating NPCs. These injec-
tions had no effect on maternal weight (Figure S3C). Analysis of
cortices from their E16/E17 embryonic progeny (Figures 3G–3J)
demonstrated that increased maternal methylglyoxal decreased
the proportion of BrdU-positive cells in the VZ/SVZ as well as
BrdU-positive, Pax6-positive radial precursors.
Two lines of evidence indicated that this precursor depletion
was due to an increase in methylglyoxal in cortical precursors.proportion of EGFP-positive cells expressing Pax6 was determined (K). Ventricles
n = 4–5 embryos.
(L–N) E13/E14 cortices were electroporated with nuclear EGFP andmurine Glo1 (m
bottom L) 3 days later, and the proportion of EGFP-positive cells expressing Tbr2 (
and IZ/CP, respectively, and arrows denote double-labeled cells. **p < 0.01; n = 4–
three sections of an individual embryo.
Sections in (A), (G), (J), and (L) were counterstained with Hoechst 33258 (blue). S
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while at the same time injecting methylglyoxal into the lateral
ventricles to increase its concentration locally. Analysis 2 days
later (Figures 3K–3O) showed that local methylglyoxal signifi-
cantly decreased EGFP-positive cells in the VZ/SVZ and
EGFP-positive, Pax6-positive radial precursors while coinciden-
tally increasing EGFP-positive, Satb2-positive neurons (Figures
3K–3O). Second, we asked if increasing Glo1 levels (and thus
methylglyoxal clearance) in radial precursors would rescue the
effects of increased maternal methylglyoxal. We electroporated
E13/E14 cortices with cytoplasmic EGFP and either a control or
mouse Glo1 expression plasmid, injected mothers daily with
methylglyoxal commencing 1 day later, and analyzed cortices
at E17/E18 (Figures 4A–4D; Figure S4A). Consistent with the
BrdU studies (Figure 3G–3J), increased maternal methylglyoxal
decreased EGFP-positive VZ/SVZ cells and EGFP-positive,
Pax6-positive radial precursors and increased EGFP-positive,
Satb2-positive neurons. All of these phenotypes were rescued
by coincident electroporation of the Glo1 expression plasmid
(Figures 4A–4D), providing evidence that they were due to
increased intracellular methylglyoxal.
The Glo1-Methylglyoxal Pathway Regulates Apical
Localization of Radial Precursors
Wenext asked how the Glo1-methylglyoxal pathwaymight regu-
late neurogenesis by examining radial precursors in more detail
3 days following electroporation with EGFP and control or Glo1
shRNAs. In controls, almost all EGFP-positive, Pax6-positive,
or Ki67-positive cells were located in the VZ, but following
Glo1 knockdown, almost half of the Pax6-positive cells were
outside of the VZ, and many of these were Ki67 positive (Figures
4E and 4F). Immunostaining for the mitotic marker phospho-his-
tone H3 (pH3) also demonstrated mislocalization of dividing
precursors. Specifically, analysis 2 days post-electroporation
showed that in controls, almost all EGFP-positive, pH3-positive
cells were at the apical ventricular surface, but following Glo1
knockdown,60%were aberrantly located outside of the apical
VZ (Figure 4G).
To ask if this basal mislocalization was due to detachment
from the apical ventricular surface, we analyzed precursor
morphology 2 days post-electroporation with membrane-tar-
geted EGFP. In controls, almost 70% of transfected Pax6-posi-
tive cells had EGFP-positive endfeet integrated into the apical
ventricular surface. However, following Glo1 knockdown, this
was reduced to 40%, with many Pax6-positive, EGFP-positive
cells delaminated from the apical surface (Figures 4H and 4I). Im-
munostaining for two proteins associated with apical endfeet,
atypical PKC (aPKC) and Par3, confirmed this detachment (Fig-
ure 4J). These delaminated cells were precursors, since they ex-
pressed Pax6 and nestin, but not bIII-tubulin (Figure S4B).are outlined, and arrows denote double-labeled cells. **p < 0.01, ns = p > 0.05;
Glo1) and immunostained for EGFP (green) and Tbr2 (red, top L) or Satb2 (red,
M) or Satb2 (N) was determined. Top and bottom panels in (L) show the VZ/SVZ
5 embryos. In scatterplots, single points represent themean cell numbers from
cale bars, 10mm. Error bars denote SEM. See also Figure S2.
Figure 3. Effects of Glo1 Knockdown and Circulating Maternal Methylglyoxal on the Postnatal and Embryonic Cortex
(A–E) E13/E14 cortices were electroporated with nuclear EGFP and control (Con) or Glo1-1 (shGlo1) shRNAs and analyzed at P4. (A and B) Sections
immunostained for EGFP (green, A), Cux1 (red, A), and Ctip2 (blue, A) were analyzed for the distribution of EGFP-positive cells in the different cortical layers (B).
**p < 0.01, ns = p > 0.05; n = 3 animals each. (C–E) Sections immunostained for EGFP (green, C) and Ctip2 (red, left) or Satb2 (red, right) were analyzed for
the proportions of EGFP-positive cells expressing themarkers (D) or for EGFP-positive, Satb2-positive cells in the different cortical layers (E). *p < 0.05, **p < 0.01;
n = 3 animals each.
(F) Schematic of the Glo1-methylglyoxal pathway. Methylglyoxal accumulates inside cells from extracellular sources and as a by-product of glycolysis. Glo1 and
Glo2 detoxify methylglyoxal to D-lactate, with glutathione (GSH) as a cofactor.
(G–J) G13/G14 mothers were injected with methylglyoxal (Mat. MG) or PBS (Mat. PBS) and BrdU, and 3 days later, embryonic cortices were immunostained for
BrdU (red, G and I) and Pax6 (green, I) and analyzed for the percentage of BrdU-positive cells in the VZ/SVZ (H) or expressing Pax6 (J). **p < 0.01; n = 3 embryos
each.
(legend continued on next page)
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We next asked whether a similar mislocalization of radial
precursors might occur in response to maternal methylglyoxal.
We administered methylglyoxal or vehicle to pregnant mice
commencing at G12/G13, injected them with BrdU at G14/
G15, and analyzed embryos 30 min later. In controls, almost all
BrdU-positive cells were Pax6-positive radial precursors, and
only 8% were Tbr2-positive intermediate progenitors (Figures
4K and 4L). Maternal methylglyoxal modestly decreased BrdU-
positive radial precursors with a coincident increase in interme-
diate progenitors (Figures 4K and 4L). However, maternal meth-
ylglyoxal also caused a 2- to 3-fold increase in BrdU-positive
cells located outside of the VZ,most of whichwere Pax6-positive
radial precursors (Figures 4M–4O). Since increased neurogene-
sis also occurs following experimentally induced apical detach-
ment (Das and Storey, 2014), then the apical detachment
observed here likely explains the premature neurogenesis
caused by perturbing the Glo1-methylglyoxal pathway.
Increased Maternal Methylglyoxal Has Long-Term
Effects on Adult NPCs and Neurogenesis
We next asked whether embryonic exposure to maternal meth-
ylglyoxal had long-term neural consequences, initially focusing
on forebrain subventricular zone (SVZ) NPCs, since some em-
bryonic cortical precursors persist to partially populate this niche
(Merkle et al., 2004; Gallagher et al., 2013). Specifically, pregnant
mice were injected with methylglyoxal from G12/G13 to delivery,
and their 2-month-old adult offspring were injected with BrdU.
Analysis 1 day later showed that maternal methylglyoxal
decreased the total number of BrdU-positive adult SVZ cells
and the proportion of Sox2-positive NPCs that were BrdU posi-
tive (Figures 5A–5C). Adult-born BrdU-positive, NeuN-positive
neurons from the SVZ were also decreased, as shown by anal-
ysis of the olfactory bulbs of 2-month-old offspring injected
with BrdU 1 month previously (Figures 5D and 5E).
We characterized these deficits further by culturing SVZ NPC
neurospheres from adult mice that were or were not exposed to
maternal methylglyoxal as embryos. Quantification showed that
fewer primary neurospheres were generated from the SVZ of
methylglyoxal-exposed mice and that, when passaged, these
neurosphere cells generated fewer secondary neurospheres
(Figure 5F). Differentiation of the primary neurospheres (Fig-
ure S5) showed that similar numbers of neurons and glial cells
were generated from both groups: 20% were bIII-tubulin-pos-
itive neurons (PBS offspring, 21.9% ± 2.6%; methylglyoxal
(MG) offspring, 19.0% ± 7.9%; p = 0.74, n = 3), <2.5% were
myelin basic protein (MBP)-positive oligodendrocytes, and the
remainder were GFAP-positive astrocytes. Finally, we analyzed
RNA from three independent biological replicates of each group
of primary neurospheres on Affymetrix GeneChip Mouse Gene
2.0 ST arrays. Spearman rank correlation of the ranked microar-
ray expression data using all probe sets demonstrated that the
different biological replicates for each group clustered together(K–O) E13/E14 cortices were electroporated with EGFP and coincidentally injecte
EGFP (green, K and M) and Satb2 or Pax6 (both red, M), and analyzed for the prop
(O). **p < 0.01; n = 3–4 embryos. In scatterplots, single points represent the mea
Sections in (C), (G), (I), (K), and (M) were counterstainedwith Hoechst 33258 (blue),
(C, G, I, K, and M). Error bars denote SEM. See also Figure S3.
1028 Cell Reports 17, 1022–1036, October 18, 2016and that the two populations were highly similar (Figure 5G). Dif-
ferential gene expression using Partek Genomics Suite software
confirmed this similarity, showing that only 183 annotated genes
were differentially expressed (p < 0.05) (Table S1), with mean
changes of only ±1.3-fold (Figure 5H), suggesting that exposure
to increased maternal methylglyoxal during embryogenesis did
not qualitatively affect adult NPCs.
These data demonstrate that embryonic exposure to maternal
methylglyoxal caused a long-term decrease in SVZ NPCs. We
asked if this was reflective of a general decrease in adult NPCs
by analyzing the subgranular zone (SGZ) of the hippocampal
dentate gyrus 1 day following BrdU injection into adult offspring.
This analysis showed that maternal methylglyoxal caused
a decrease in Sox2-positive NPCs, BrdU-positive cells, and dou-
ble-labeled BrdU-positive, Sox2-positive proliferating NPCs
in the SGZ (Figures 5I–5L). Adult neurogenesis was also
decreased, as indicated by quantifying SGZ cells expressing
the newborn neuron marker doublecortin (DCX) (Figure 5M).
We confirmed this decrease in adult-born neurons by quanti-
fying BrdU-positive, NeuN-positive dentate gyrus neurons in
2-month-old offspring injected with BrdU 1 month previously
(Figure 5N).
Maternal Methylglyoxal Has Long-Term Effects on the
Adult Mouse Cortex and Adult Behavior
We next asked whether maternal methylglyoxal had long-term
consequences for the adult cortex. To do so, we injected preg-
nant mice with methylglyoxal from G12/G13 until delivery, in-
jected them with BrdU on G13/G14, and then analyzed their
adult offspring, which displayed normal weight gain over the
postnatal period (Figure S3D). Immunostaining of the adult cor-
tex for BrdU (Figures 6A and 6B; Figures S6A and S6B), showed
that total cortical thickness was unaffected by maternal methyl-
glyoxal (Figure 6C). However, the total number of BrdU-labeled
cells was decreased, as determined by counting labeled cells
in equivalently sized columns spanning the cortical layers (Fig-
ure 6D). The distribution of these BrdU-positive cells was also
different, with fewer in layers V/VI and the bottom half of layer
II–IV (Figure 6E).
We characterized the phenotype of these BrdU-positive cells
by immunostaining for Satb2 and/or Cux1, which are expressed
in neurons of cortical layers II–IV that are born around the timewe
injected BrdU (Figures 6A and 6B; Figures S6A and S6B). In both
controls and maternal methylglyoxal offspring, 80%–90% of
BrdU-positive cells were Satb2-positive neurons (compare Fig-
ures 6D and 6F). Approximately half of these BrdU-positive,
Satb2-positive neurons coexpressed Cux1 (59.7% ± 4.2%
versus 55.3% ± 5.7%, controls versus maternal methylglyoxal).
However, therewere only approximately half asmany BrdU-pos-
itive, Satb2-positive neurons in mice exposed to maternal meth-
ylglyoxal (Figure 6F). Moreover, even the total numbers of Satb2-
positive and Cux1-positive neurons were decreased (Figure 6G).d with 50 mMmethylglyoxal (MG) or PBS (Con), immunostained 2 days later for
ortion of EGFP-positive cells in the VZ/SVZ (L) or expressing Pax6 (N) or Satb2
n cell numbers from three sections of an individual embryo.
and arrows show double-labeled cells. Scale bars represent 50 mm (A) or 10 mm
(legend on next page)
Cell Reports 17, 1022–1036, October 18, 2016 1029
These data indicate that there was a depletion of upper layer
neurons and, consistent with this, the width of layers II–IV
(defined by Cux1 immunostaining as in Figure 6B) was signifi-
cantly decreased (Figure 6H). These neuronal deficits could be
readily explained by maternal methyglyoxal-induced depletion
of embryonic radial precursors.
We also asked if maternal methylglyoxal exposure had long-
term behavioral consequences, using two assays thought to
reflect neurodevelopmental perturbations. The first was a three-
chamber social preference test (Crawley, 2007) where one side
chamber contained an inanimate object and the other an unfamil-
iar mouse (stranger 1). Control and maternal methylglyoxal mice
both spent more time sniffing the unfamiliar mouse (Figure 6I).
However, when the inanimate object was replaced with a second
unfamiliar mouse (stranger 2), control mice spent more time sniff-
ing the new stranger 2 mouse, but maternal methylglyoxal mice
showed no preference (Figure 6J). This was not due to differences
in general activity, since in open field assays, both groups traveled
similar distances and explored the arena equivalently (Figure 6K;
Figure S6C). The second test was a marble-burying assay
(Deacon, 2006) that assesses stereotypic/repetitive behaviors
thought to be associated with neurodevelopmental disorders.
Adult mice exposed tomaternalmethylglyoxal buried significantly
more marbles at both 20 and 30 min in this assay (Figure 6L).
Embryonic and Adult NPCs Are Perturbed in Offspring of
Mice with Gestational Diabetes
We next tested the idea that gestational diabetes, which aber-
rantly increases circulating maternal methylglyoxal levels, might
also perturb NPCs, taking advantage of heterozygous leptin re-
ceptor mutant mice (Leprdb/+) that, when pregnant, become
glucose intolerant and display high fasting glucose levels (Yama-
shita et al., 2001). We crossed Leprdb/+ or wild-type females with
wild-type males and injected the pregnant mice with BrdU on
G13/G14. Analysis 3 days later showed that BrdU-positive,
Pax6-positive radial precursors were decreased and BrdU-pos-
itive, Tbr2-positive intermediate progenitors were increased in
wild-type offspring of Leprdb/+ mothers (Figures 7A–7E). Further-
more, even the total numbers of Pax6-positive and Tbr2-positive
cells were decreased and increased, respectively (Figures 7F
and 7G). Thus, maternal diabetes depletes embryonic radial pre-
cursors and enhances neurogenesis.Figure 4. Excessive Methylglyoxal Causes Radial Precursors to Delam
(A–D) E13/E14 embryos were electroporated with cytoplasmic EGFP and murine
methylglyoxal (Mat. MG) or PBS (Mat. PBS) for 3 days, and cortices were immunos
EGFP-positive cells in the VZ/SVZ (B) or analyzed for the proportion that were al
(E–J) E13/E14 cortices were coelectroporated with nuclear EGFP (E–G) or memb
Sections were immunostained for EGFP (green, E–G) and Pax6 (red, E and F), K
EGFP-positive cells outside of the VZ (E) or pH3-positive, EGFP-positive cells that
immunostained for EGFP (green, H and J) and Pax6 (red, H), aPKC (red, top J), o
positive cells in the VZ/SVZ that had apical attachments (I). In (H), double-positiv
intact and disrupted apical surfaces, respectively. *p < 0.05; n = 3–4 embryos.
(K–O) Embryonic cortices of mothers injected with methylglyoxal (Mat. MG) or PB
for BrdU (green,M) and Pax6 (red, M) or Tbr2 0.5 hr later, and analyzed for the prop
of the VZ (N) or for Pax6-positive, BrdU-positive cells located outside of the VZ
represent the mean cell numbers from three sections of an individual embryo.
Sections in (A), (E), (G), (H), (J), and (M) were counterstained with Hoechst 33258
10 mm. Error bars denote SEM. See also Figure S4.
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injecting 2-month-old wild-type offspring of Leprdb/+ or wild-
type mothers with BrdU. Analysis of the SVZ 1 day later showed
that BrdU-positive cells were reduced in offspring of Leprdb/+
mothers, as was the proportion of Sox2-positive NPCs that
were BrdU positive (Figures 7H and 7I; Figures S7A and S7B).
Moreover, in the SGZ of wild-type offspring of Leprdb/+ mothers,
the amount of BrdU-positive and Sox2-positive NPCs was
reduced, as was the number of double-labeled NPCs (Figures
7J–7M; Figure S7C). The number of DCX-positive newborn neu-
rons was also decreased (Figures 7N and 7O). Thus, embryonic
exposure to a maternal diabetes environment caused long-term
alterations in both embryonic and adult NPCs.
DISCUSSION
The adverse maternal environment that occurs during gesta-
tional diabetes and other metabolic disorders has a substantial
impact on fetal brain development (Krakowiak et al., 2012; Xiang
et al., 2015; Li et al., 2016), but the underlying mechanisms are
poorly defined. Results presented here define the Glo1-methyl-
glyoxal pathway as one way that both normal and perturbed
maternal metabolic states can regulate NPCs and neurogenesis
throughout life (Figure 7P). In this regard, methylglyoxal is well
characterized as a circulating metabolite that contributes to dia-
betic complications (Sousa Silva et al., 2013). In diabetes and
metabolic disorders, increased systemic methylglyoxal is
thought to enter cells and overwhelm the intracellular detoxifying
capacity of Glo1 and thereby cause cellular dysfunction and tis-
sue damage. Our data are consistent with this idea, since Glo1
overexpression in embryonic radial precursors rescued the ef-
fects of increased circulating maternal methylglyoxal that is
known to cross the placental barrier and rapidly enter cells. We
therefore suggest that the Glo1-methylglyoxal pathway inte-
grates maternal and embryonic NPC metabolic states and that
when this goes awry, either maternally or from Glo1 mutation,
it causes increased intracellular methylglyoxal, aberrant NPC
development, and long-term neuroanatomical and functional al-
terations. In this regard, neurodevelopmental disorders are
thought to result from the interplay between the environment
and genetic vulnerability, and our data define the Glo1-methyl-
glyoxal pathway as one substrate for this interaction.inate from the Apical VZ
Glo1 (mGlo1) or control (Con) plasmids. 1 day later, mothers were injected with
tained for EGFP (green, A) and Pax6 or Satb2 and analyzed for the proportion of
so positive for Pax6 (C) or Satb2 (D). *p < 0.05, **p < 0.01; n = 3–4 embryos.
rane-targeted EGFP (H–J) and analyzed 2 (G–J) or 3 (E and F) days later. (E–G)
i67 (blue, F), or pH3 (red, G) and analyzed for the proportion of Pax6-positive,
were not apically localized (G). **p < 0.01; n = 4–5 embryos. (H–J) Sectionswere
r Par3 (red, bottom J) and analyzed for the proportion of Pax6-positive, EGFP-
e cells were traced (shown at right), and in (J), arrows and arrowheads denote
S (Mat. PBS) commencing at G12/G13, with BrdU at G14/G15, immunostained
ortions of BrdU-positive cells expressing Pax6 (K) or Tbr2 (L) or located outside
(O). *p < 0.05, **p < 0.01; n = 3 embryos each. In scatterplots, single points
(blue), and arrows show double-labeled or triple-labeled (F) cells. Scale bars,
Figure 5. Exposure to Increased Maternal Methylglyoxal Reduces Adult NPCs and Neurogenesis in Offspring
Pregnant mice were injected with methylglyoxal (MG) or PBS from G12/G13 until delivery, and 2-month-old offspring were analyzed.
(A–C) SVZ sections from offspring injected with BrdU 1 day earlier immunostained for BrdU (red, A) and Sox2 (green, A) and analyzed for the total number of BrdU-
positive SVZ cells (B) or the proportion of Sox2-positive cells also positive for BrdU (C). (A) A control brain is shown, and the boxed area is shown at higher
magnification. LV, lateral ventricle. *p < 0.05, **p < 0.01; n = 3–4 animals.
(D and E) Olfactory bulb sections from offspring injected with BrdU 1 month earlier were immunostained for BrdU (green, D) and NeuN (red, D) and the total
number of BrdU-positive, NeuN-positive cells quantified (E). (D) A control brain is shown. *p < 0.05; n = 3 animals each.
(F) Quantification of neurospheres generated fromSVZ cells cultured at one cell per microliter for 7 days later (left) and then passaged at one cell permicroliter and
counted for a further 7 days to generate secondary spheres (right). *p < 0.05; n = 3–4 animals.
(G) Microarray data from primary SVZ neurospheres were analyzed by Spearman rank correlation computed based upon all probe sets, with red and blue
representing the most and least highly correlated samples, respectively.
(H) A heatmap of 183 genes significantly differentially expressed in the datasets from (G) (using a false discovery rate [FDR] p < 0.05 and FC > 1.1 or <1.1; listed
in Table S1). Scale represents normalized gene expression values.
(I–N) Dentate gyrus sections from offspring injected with BrdU 1 day (I–M) or 1 month (N) earlier immunostained for BrdU (red in I and green in N) and/or Sox2
(green, I), doublecortin (DCX; M), or NeuN (red, N) and analyzed for the total number of Sox2-positive (J), BrdU-positive (K), Sox2-positive and BrdU-positive (L),
DCX-positive (M), or BrdU-positive and NeuN-positive (N) cells. Images are from control brains. Hatched lines show the border of the SGZ, and in (I), the boxed
area is shown at higher magnification. *p < 0.05, **p < 0.01; n = 3–4 animals. In scatterplots, single points represent individual animal data.
Sections in (A), (I), and (M) were counterstained with Hoechst 33258 (blue), and arrows denote immunolabeled cells. Scale bars represent 50 mm (A) or 20 mm (D, I,
M, and N). Error bars denote SEM. See also Figure S5.
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Figure 6. Embryonic Exposure to IncreasedMaternalMethylglyoxal Causes Long-TermAlterations in Cortical Neurons andBehavior in Adult
Offspring
(A–L) Pregnant mice were injected withmethylglyoxal (MG) or PBS fromG12/G13 until delivery, with somemice (A–H) receiving a BrdU injection on G13/G14, and
adult offspring were analyzed neuronatomically (A–H) or behaviorally (I–L). (A–H) Cortical sections were immunostained for BrdU (red, A and B), Satb2 (green, B),
and Cux1 (blue, B), and columns spanning the cortex from white matter to meninges (see Figures S6A and S6B) were analyzed for cortical thickness (C), total
number of BrdU-positive cells (D), the distribution of BrdU-positive cells in different cortical layers (E), total number of BrdU-positive and Satb2-positive cells (F),
(legend continued on next page)
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These findings are important in light of human epidemiological
findings. In particular, human genetic variants of Glo1 with
reduced enzyme activity are associated with cognitive disorders
such as ASD and schizophrenia (Junaid et al., 2004; Barua et al.,
2011; Gabriele et al., 2014; Arai et al., 2010), and gestational dia-
betes, which induces aberrant elevation of circulating methyl-
glyoxal (Brownlee, 2001), is linked to poor cognitive performance
and ASD (Krakowiak et al., 2012; Xiang et al., 2015; Li et al.,
2016). The association with ASD only occurs when gestational
diabetes is diagnosed on or before 26 weeks of gestation (Xiang
et al., 2015), and in humans, maximal cortical neurogenesis oc-
curs from gestational weeks 15–20 (Lui et al., 2011). Thus, the
timeframe of human vulnerability corresponds to the stage of
murine cortical development we have examined here.
How does increased methylglyoxal deregulate NPCs to cause
these effects? The apical localization and polarity of embryonic
cortical radial precursors are maintained by apical membrane
proteins, including the Par polarity complex members Par3 and
aPKC. Disruption of the polarized localization of these proteins
causes precursors to delaminate from the apical surface and
differentiate into neurons (Bultje et al., 2009; Ghosh et al.,
2008).We found that whenGlo1was decreased ormethylglyoxal
increased, Par3 and aPKC were reduced at the site of apical
radial precursor attachment, precursors delaminated, and neu-
rogenesis increased. How could methylglyoxal cause these
changes? We propose that it does so by protein modification.
Methylglyoxal is a potent glycating agent that modifies proteins
and affects their functionality (Rabbani and Thornalley, 2015). If
this occurred on proteins important for maintaining the neuroepi-
thelium, then it could directly cause delamination and premature
neurogenesis.
Why do methylglyoxal-induced acute alterations in embryonic
NPCs cause long-lasting neural changes? The observed
decrease in postnatal cortical neurons could easily be due to
the premature neurogenesis and depletion of embryonic NPC
pools that we document here. Moreover, since both social inter-
actions and marble-burying involve cortical circuitry, then these
perturbations in postnatal cortical neurons might account for the
behavioral changeswe observed.With regard to adult NPCs, it is
likely that the decrease in adult SVZ NPCs is a direct conse-
quence of the methylglyoxal-mediated decrease in embryonic
cortical NPCs, which are known to contribute to the adult SVZ
NPC pool (Merkle et al., 2004; Gallagher et al., 2013). This type
of embryonic depletion might also explain the observed deficits
in adult hippocampal NPCs, but this remains to be determined.
From a broad perspective, our results support two important
concepts. First, they indicate that the maternal metabolic state
normally regulates embryonic NPCs and neural developmentthe total number of Satb2-positive and Cux1-positive cells (G), and thickness of su
and Cort2) are shown. In (A) and (B), hatched lines delineate boundaries between l
(WM). (B) A control brain is shown, with the boxed area shown at higher magnifica
express Satb2, respectively. ns = p > 0.05, *p < 0.05, **p < 0.01; n = 4–8 animals. (I
spent sniffing stranger 1 versus the empty object (I), and new stranger 2 versus th
timestranger 1) for new versus old strangers (J, right). *p < 0.05, **p < 0.01; two-wa
mice. (K) Results of the open field test, showing total meters traveled in different
assays, showing the number of buried marbles (of 16 total) at 20 or 30 min in the
points represent individual animal data. Scale bars represent 100 mm (A), 50 mm (B,
denote SEM. See also Figure S6.and, conversely, that the adverse effects of a perturbedmaternal
environment might be mediated in part through embryonic
NPCs. Second, they indicate that the size of adult SVZ and
SGZ NPC pools is flexible and is determined, at least in part,
by the embryonic environment, thereby providing a conceptual
framework for understanding the establishment of other adult
tissue stem cell pools.
EXPERIMENTAL PROCEDURES
Animals
All animal use was approved by the Animal Care Committee of the Hospital for
Sick Children in accordance with the Canadian Council of Animal Care pol-
icies. All experiments used CD1 mice (Charles River Laboratory) unless other-
wise specified. For methylglyoxal experiments, pregnant G12/G13 female
mice were injected intraperitoneally (i.p.) twice daily with 500 mg/kg methyl-
glyoxal (Synquest Laboratories) in PBS or PBS alone as a control. Female
Leprdb/+ mice (BKS.Cg-Dock7m+/+ Leprdb/J) and wild-type C57BL/6J mice
were obtained from and genotyped as indicated by Jackson Laboratory.
Mice of both genders were used in all experiments. Further details are in Sup-
plemental Experimental Procedures.
Cell Cultures, Transfections, and In Utero Electroporation
Cell cultures, transfections, western blots, and in utero electroporations were
all performed as previously described (Yang et al., 2014; Gallagher et al.,
2013). Electroporated, EGFP-positive live embryonic cortical cells were iso-
lated by FACS on a Beckman Coulter MoFlo Astrios cell sorter (HSC Flow Cy-
tometry Facility). For all neurosphere assays, cells were plated at one cell per
microliter. Plasmids, shRNA sequences, and further details are in Supple-
mental Experimental Procedures.
Immunostaining and FISH
Immunostaining was performed as previously described (Yang et al., 2014).
Single-molecule FISH was performed with probes targeting glo1 mRNA
(NM_025374.3) using the RNAscope kit (Advanced Cell Diagnostics), ac-
cording to the manufacturer’s instructions. Positive signals were identified
as punctate dots, and projected Z-stacks of confocal images taken with op-
tical slice thickness of 0.1 mm are shown. Quantitative analyses were per-
formed as previously described (Yang et al., 2014; Gallagher et al., 2013) us-
ing a Zeiss Axioplan2 microscope and an Olympus IX81 fluorescence
microscope equipped with a Hamamatsu C9100-13 back-thinned electron
multiplying-charge coupled device (EM-CCD) camera and Okogawa CSU
X1 spinning disk confocal scan head or with a Zeiss ApoTome2 Imaging Sys-
tem. Images were processed using Volocity (Perkin Elmer) or Zen software
(Zeiss). Antibodies and further details are in Supplemental Experimental
Procedures.
PCR
For RT-PCR, total cortical mRNA was isolated with the Magnetic mRNA Isola-
tion Kit (New England Biolabs), and cDNA was synthesized with the First
Strand cDNA Synthesis Kit (Thermo Scientific). For qPCR, total RNA from
sorted cells was extracted using MicroElute E.Z.N.A. Total RNA Kit (Omega
Biotek) and analyzed using the Quantitect Reverse Transcription Kit (QIAGEN)
and a LightCycler 480 SYBR Green I Master (Roche), CFX96 Touch Real-Timeperficial layers II–IV (SFL; H). (A) Images from two animals in each group (Cort1
ayer I, the top and bottom halves of layers II–IV, layer V/VI, and the white matter
tion, and arrows and arrowheads denote BrdU-positive cells that do and do not
and J) Results of the three chamber social interaction assay, showing seconds
e old stranger 1 (J, left panel). Also shown is the preference index (timestranger 2/
y ANOVA with Bonferroni’s post hoc test or paired Student’s t test; n = 13–14
areas in the open field. n = 11 animals each. (L) Results of the marble-burying
environment. *p < 0.05; Student’s t test; n = 13–16 mice. In scatterplots, single
low-magnification images), or 10 mm (B, high-magnification images). Error bars
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PCR Detection System (Bio-Rad) and CFX Manager Software (Bio-Rad). All
qPCR assays were performed in accordance with MIQE guidelines. Primers
and further details are in Supplemental Experimental Procedures.
Microarray Analyses
Total RNAwas isolated using E.Z.N.A. Total RNA kit according to themanufac-
turer’s instructions (Omega Biotek). cDNA was prepared using 250 ng total
RNA and the Affymetrix Whole Transcriptome PLUS (WT PLUS) kit (Affyme-
trix). 5.5 mg cDNA was hybridized to the Affymetrix Gene Chip Mouse Gene
2.0 ST and results analyzed using Partek Genomics Suite 6.6. Only probe
sets for annotated genes were used for differential expression analysis.
ANOVA statistics were calculated and the genes with Benjamini-Hochberg p
value < 0.05 and fold change (FC) > 1.1 or <1.1 were considered statistically
significant. Affymetrix Expression Console 1.1 was used for Spearman rank
correlation. The heatmap.2 function of the gplots bioconductor package in R
was used for the hierarchical clustering and heatmap analysis. Microarray
data can be found at GEO: GSE79737.
Behavioral Assays
The social interaction test, marble-burying task, and open field assays were all
performed as described in Supplemental Experimental Procedures. The
former two assays were manually scored by individuals blind to the treatment
condition of the experimental animals, while the open field data were tracked
using automated software (Limelight2, Actimetrics).
Statistics
All data are expressed as the mean ± SEM. With the exception of the microar-
ray data, statistical analyses were performed with a two-tailed Student’s t test
or, where relevant, ANOVA with Tukey or Bonferroni’s post hoc tests, using
GraphPad Prism, unless otherwise indicated.
ACCESSION NUMBERS
The accession number for the microarray dataset reported in this paper is
GEO: GSE79737.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.09.067.
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